EXTRAORDINARY PHENOMENA IN SEMICONDUCTOR-METAL HYBRID 
NANOSTRUCTURES BASED ON BILINEAR CONFORMAL MAPPING 
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I. INTRODUCTION 

The recent discovery by SoHn and co-workers of the 
phenomenon of extraordinary magnetoresistance (EMR) 
in hybrid structures of narrow-gap semiconductors and 
non-magnetic metals^ portends considerable promise for 
impacting magnetic sensor technology for macroscopic, 
microscopic and nanoscopic applicationsi^ It has been 
recently realized by Solin and his colleagues that the 
EMR phenomenon, is but one example of a broad class 
of geometry-based interfacial effects in hybrid structures 
formed from the juxtaposition of a semiconductor such 
as InSb, InAs^ or Hgi_a:Cda;Te^ with a metal such as Au. 
Indeed, one can envision a number of other "EXX" in- 
terfacial effects in metal semiconductor hybrid structures 
where E = extraordinary and XX = piezoconductivity, 
optoconductivity, electroconductivity, thermoconductiv- 
ity etc. and combinations of these such as magnetother- 
moconductivity. Both EPC™ and EOC» have recently 
been demonstrated. 

The EXX effects form the basis for a number of new 
macroscopic and nanoscopic sensor devices analogous to 
those such as automobile ignition sensors and ultra-high- 
density read- head sensors, respectively, that derive from 
the discovery of the EMR phenomena. Several of the 
applications of EXX sensors that one can envision, espe- 
cially in the field of medicine, require scaling of an EXX 
structure to nanoscopic dimensions. This has already 
been achieved in the case of EMR sensors and devices 
with dimensions of order 20 nm have been shown to ex- 
hibit new mesoscopic physics effects and to exhibit very 
high values of EMR.^ However, the underlying principal 
on which the scaling of internally shunted macroscopic 
EXX structures to externally shunted working devices 
in the nanoscopic size regime has to date not been fully 
elucidated. Accordingly, we describe here the bi-linear 
conformal mapping procedure that has been applied to 
the scaling of EMR devices and show how that procedure 
can be applied to EXX structures in general. 



II. BACKGROUND 

There are two principal contributions to the magne- 
toresistance of any resistive device, namely a physical 
contribution and a geometric contribution.* The physi- 
cal contribution derives from the dependence of intrinsic 
material properties such as carrier concentration and car- 
rier mobility on the applied magnetic field. The geomet- 



ric contribution is an extrinsic property that depends on 
the shape of the device, the placement and geometry of 
the (metallic) contacts and, the placement and geometry 
of any inhomogeneities or shunts that may be present. 
The geometric contribution to the MR also depends on 
the intrinsic physical properties of the inhomogeneities 
relative to those of the host material, e.g. on the conduc- 
tivity ratio. ^ For most materials of current interest as MR 
sensors such as layered magnetic metals which exhibit 
giant MR (GMR)ia or tunnelling MR (TMR)ii and the 
magnetic layered oxide manganites which exhibit colos- 
sal MR (CMR),i2 the physical contribution to the MR is 
dominant. However, Solin and his colleagues have shown 
that judiciously designed hybrid structures composed of 
a non-magnetic narrow-gap semiconductor matrix with 
high carrier mobility and a non-magnetic metallic inho- 
mogeneity or shunt can exhibit a room temperature MR 
that is not only dominated by the geometric contribu- 
tion but also attains room temperature values of order 
1,000,000%.^^ This is several orders of magnitude higher 
than what has been achieved with conventional GMR, 
TMR or CMR devices. The new phenomenon was sub- 
sequently dubbed extraordinary MR or EMRji. 

The proof of principal demonstration of EMR was ac- 
complished with symmetric 4-probe macroscopic van der 
Pauw (vdP) disc structures formed from Te- doped InSb 
(electron concentration n = 2 x 10^^ cm~'^ and mobility 
fi = 4.5 X 10'* cm^/Vs) containing a concentric cylindrical 
metallic inhomogeneity as depicted in the inset of Fig. 1. 
Solin et al. also showedi^ that in general. 
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where H is the applied field normal to the plane of the de- 
vice, R'^f^ [H) is the effective field- dependent resistance 
measured in a 4-probe configuration Hbias is the bias field 
and AH is the applied or signal field (not the field gra- 
dient). In the zero bias large signal but low field limit, 
fiAH < 1, 
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Here Gs{AH) and GasI'^H) are, respectively, symmet- 
ric and antisymmetric geometric factors that depend on 
the shape, location and physical properties of the con- 
ducting inhomogeneity and contacts while i?e//(0) — 
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FIG. 1: The field-dependence of the magnetoresistance, {R — 
Ro)/Ro, of a Te-doped InSb van der Pauw disk of radius rj, 
in which is embedded a concentric right circular cylinder of 
Au of radius ra- The filling factor is a = Va/rt- Inset:- a 
schematic diagram of the hybrid disk structure. 



Rq ■ [For the symmetric structm'e shown in the inset of 
Fig. 1. Gas{^H) — 0.] Clearly, narrow-gap high mobil- 
ity semiconductors such as InSb are choice materials for 
EMR devices. 

The magnetotransport properties of the macroscopic 
vdP structure shown in the inset of Fig. 1. can be 
quantitatively accounted for using the above equations 
together with both finite element analysia^^ and ana- 
lytic techniques. However, the EMR phenomenon can 
also be readily understood using a simple though non- 
intuitive classical physics analysis. The components of 
the magnetoconductivity tensor cr{H) for the semicon- 
ductor are a^a^iP) = o-yy{/3) = a/[l + (3"^], (Jzz{P) = cr 
and a.^y{(3) = ~aya^{(i) = -a/3/[l + (i^] with p = fiH 
and all other tensor components being zero. If the elec- 
tric field on the vertical surface of the inhomogeneity is 
E = ExX + Ey-y, the current density is J = a-(_ff )E. The 
electric field is everywhere normal to the equipotential 
surface of a highly conducting inhomogeneity. At H = 0, 
u{H) is diagonal so J = crE and the current flows into 
the inhomogeneity which acts as a short circuit. At high 
H {(3 > 1), the off-diagonal components of a{H) domi- 
nate so J = {a/(3)[EyX — Er^y], and J_LE. Equivalently, 
the Hall angle between the electric field and the current 



density approaches 90°, and the current becomes tangent 
to, i.e. defiected around, the inhomogeneity. Thus, the 
inhomogeneity acts as an open circuit. The transition of 
the inhomogeneity from short circuit at low H to open 
circuit at high H results in a geometric enhancement of 
the MR of the semiconductor even if its resistivity (con- 
ductivity) is field-independent (i.e. the physical MR is 
zero). 

Unfortunately, the internally shunted EXX structure 
shown in the inset of Fig. 1 is not conducive to fab- 
rication on the nanoscopic scale because it is difficult 
if not impossible to properly embed or fill a nanoscopic 
hole with metal while maintaining good electrical contact 
with the quasi-vertical sidewall. Fortunately, as we now 
demonstrate, one can construct an externally shunted 
metal-semiconductor hybrid structure that is not only 
galvanomagnetically equivalent to the circular structure 
shown in the inset of Fig. 1, but is also "fabrication 
friendly" on the nanoscale. 

III. CONFORMAL MAPPING 

It is knownpiSi that any homogeneous device with a cir- 
cular boundary of unit radius in the imaginary two di- 
mensional complex t-plane with orthogonal axes r and is 
where t = r + is can be mapped into the complex up- 
per half Cartesian z-plane with orthogonal axes x and 
iy where z = x + iy [see Fig. 2a)] by using the bilinear 
transformationi^ 

z{t) = ~^i±^ (3) 
t ~ I 

The above mapping equation transforms the four sym- 
metrically spaced electrical contacts on the perimeter of 
the disk in the t-plane [shown in Fig. 2a) in the con- 
figuration for a magnetoresistance measurement] to the 
corresponding contacts on the line y — in the z-plane. 
Although the mapped contacts are symmetric about the 
line a; = they are not of equal size as they are when 
viewed in the i-plane. If one embeds an off-centered hole 
of radius ri into the homogeneous disk of 

Of the structures depicted in Figs. 2a) - 2d), that 
shown in Fig 2b) is the simplest one which contains a 
fully enclosed inhomogeneity, e.g. a circular hole dis- 
placed from the center of the disk. If we embed this hole 
with a highly conducting metal, then the resultant struc- 
ture which we call an off-center vdP disk is similar to 
the centered vdP disk which yielded the large EMR val- 
ues cited above. However, the corresponding rectangular 
mapped structure in the z-plane would be of infinite ex- 
tent in the +x and —x directions and would contain an 
external shunt of infinite height in the +y direction. To 
avoid these complications, we define a structure which 
contains not only the r2 cuts of Fig. 2d) but also an 
additional circle of radius in the t-plane as shown in 
Fig. 2e). The latter maps to the line y = 2/3 in the z- 
plane. The modified off-centered vdP disk now contains a 
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FIG. 2: Schematic diagram of bilinear mapping of a) a van 
der Pauw disk in the t-plane mapped to the upper half space 
of the z-plane. Also shown is the contact configuration for 
measuring magnetoresistance. b) an off-center hole in the t- 
plane mapped to a line in the z-plane, c) a circular perimeter 
cut in the f-plane mapped to a line in the z-plane, d) repeat 
of c) with a symmetric perimeter cut, e) an internal shunt 
in the f-plane mapped to an external shunt in the z-plane. 
Note: panels a) - d) follow Reference]^ p. 163. Fig. 2a) as 
shown in Fig. 2b), that hole maps to a line that truncates 
the upper half plane at height yi = l/(ri + 1). In other 
words, the vacuum inside the hole of radius ri in the disk in 
the f-plane maps to the vacuum above the line j/i in the z- 
plane. Consider now the circle of radius r2 which creates an 
evacuated notch in the disk in the f-plane as shown in Fig. 
2c). That circle maps to a line which truncates the z-plane 
at the position x = X2 = l/r2 as is also shown in Fig. 2c). 
A symmetrically displaced circle of equal radius on the left 
of the vertical bisector of the disk in the t-plane truncates 
the z-plane with a line at position X2 — — (l/r2) as shown 
in Fig. Id). By a selection of circular cuts in the t-plane, 
the truncated disk can be exactly mapped to a rectangular 
structure of appropriate dimension in the z-plane. 



metallic inhomogeneity embedded into the space between 
the circles of radii ri, r2 and while the space between 
the circle of radius ri and the disk perimeter contains a 
narrow-gap semiconductor. Thus, the i-plane disk with 
an INTERNAL embedded shunt maps to a rectangle in 
the 2;-plane with a corresponding EXTERNAL metallic 
shunt. Moreover, for the exact mapping depicted in Fig. 
2 e) , the electrical behavior of the two structures will be 
identicali^ 

Although the mapping technique described above has 
been knownfi, the adaptation of this technique to the 
design of rectangular structures with external shunts 
has not been previously considered. Furthermore, for 
mapped plates with X2 > 4, the cuts represented by 
the circles of radius r2 in the left panel of Fig. 2e) are 
small/negligible. Therefore, the externally shunted plate 
structure shown on the right panel of Fig 2e) is, to a 
good approximation, electrically equivalent to the vdP 
disk shown in the left panel of Fig. 2e) without the r2 
cuts. Moreover, an expression for the filling factor of 
the rectangular EXX structure, though more complex 
than that of the concentric circular structure has been 
derived as a function of the geometric properties of the 
structureiii 



IV. EXPERIMENTAL CONFIRMATION OF 
THE MAPPING PROCEDURE 

In order to confirm that the mapping procedure de- 
scribed above is viable we test it using macroscopic EMR 
structures. The EMR of a non-biased macroscopic (long 
dimensions ~ 5 mm) vdP plate formed from InSb and 
Au is shown in Fig. 3 as a function of the geometry of 
the metallic shunt and of the placement of the current 
and voltage leads. The material constituents of the ex- 
ternally shunted rectangular semiconductor-metal hybrid 
structures depicted in Fig. 3 were the same as those used 
for the internally shunted circular hybrid structures de- 
picted in Fig. 1. Two features are noteworthy in the 
data of Fig. 3.: a) the room-temperature EMR is very 
large reaching values as in excess of 100% at a field of 500 
Gauss, b) The EMR is asymmetric with respect to the 
applied field when the leads are placed asymmetrically 
on the rectangular narrow-gap-semiconductor plate. The 
latter feature constitutes a condition of self-biasing which 
is important for a number of applications in which the 
sign of the applied magnetic field must be determined. 

The magnetotransport properties of the externally 
shunted vdP plate clearly depend strongly on the place- 
ment of the current and voltage leads, e.g. on lead ge- 
ometry. These properties also depend strongly on the 
shape and relative dimensions of the semiconductor and 
metal components of the hybrid structure itself as can 
be seen from the dependence of the EMR in Fig. 3 on 
the width, W, of the shunt for a semiconductor region 
of fixed width. Note that in the range of filling factors 
addressed in Fig. 3 which is below the optimum filling 
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FIG. 3: The low field (upper panel) and high field (lower 
panel) room temperature EMR of van der Pauw plates with 
symmetric and asymmetric electrode configurations as a func- 
tion of the width, W, of the external shunt. The dark (light) 
rectangle represents Te:InSb (An). 



factor of 13/16 as depicted in Fig. 1, the EMR systemat- 
ically increases with increasing filling factor. In addition, 
an added feature of the data of Fig. 3 is the enhance- 
ment of the EMR in the structure with asymmetric leads 
relative to the structure with symmetric lead placement. 



FIG. 4: An electron micrograph of a hybrid nanoscopic 
van der Pauw EMR plate structure fabricated from an 
InSb/Ini-ajAliiSb quantum well heterostructure. The current 
leads, voltage leads and external shunt are labeled as indi- 
cated. The four contacts shown in the micrograph extend 
along the mesa floor and up the side of the mesa to the upper 
25 nm Alo.15Ino.85Sb barrier. 




V. VALIDATION OF MAPPING TO THE 
NANOSTRUCTURE REGIME 

Having established that extremely high values of EMR 
can be obtained from macroscopic semiconductor-metal 
hybrid structures, we now address the challenge of scal- 
ing such EMR devices to the nanoscopic sizes required 
for ultra-high-spatial resolution and high sensitivity de- 
tection of magnetic fields. To achieve high spatial resolu- 
tion in the vertical direction (normal to the plane of the 
EMR structure) it is necessary to use ultra thin semicon- 
ductor films. Homogeneous InSb on GaAs is not suit- 
able for this purpose because dislocations at the semi- 
conductor substrate interface cause a drastic reduction in 
the carrier mobility, and concomitantly the EMR which 



FIG. 5: The field dependence of the of the resistance of the 
hybrid nanoscopic van der Pauw plate structure shown in Fig. 
4. Inset - the extraordinary magnetoresistance (referenced to 
Rmin) of the hybrid nanoscopic van der Pauw plate in the low 
field region. 

scales with the square of the mobility, when the thickness 
of the semiconductor drops below 1 /im.^^ To overcome 
this, Solin and coworkers used a quantum well structure, 
InSb/InAli-^jSbj:, and state of the art suspended mask e- 
beam lithography incorporating a new type of resist, cal- 
ixarine, to fabricate the structure shown in Fig. 4iii De- 
tails of the fabrication method are provided elsewhereii 
Note that the structure shown in Fig. 4 is a nanoscopic 
version of the structure depicted in Fig. 2(e). 

The field dependence of the room temperature magne- 



5 




H ^2 ^3 U 

FIG. 6: A schematic diagram of a hybrid semiconductor-metal 
structure configured for a 4- probe measurement. I and V 
refer, respectively to current and voltage probes. 

toresistance of the externally shunted nanoscopic EMR 
device shown in Fig. 4 is shown in Fig. 5. As can be 
seen, the EMR reaches values as high as 5 % at a signal 
field of 0.05 T. To our knowledge, this is the highest room 
temperature MR level obtained to date for a patterned 
magnetic sensor with this spatial resolution. Moreover, 
with a modest bias field of 0.2 T corresponding to the 
zero-field offset^" in Fig. 5, the measured EMR is 35% at 
a signal field of 0.05 T. [The offset is associated with the 
asymmetric placement of the leads.] Also note that the 
device can be biased into a field region where the EMR 
response is linear with field, a feature that can simplify 
signal amplification. Equally significant is the fact that 
the current sensitivity, at a magnetic field bias of 0.2 T 
has a large measured value of 585 Jl/T at room tem- 
perature. It is this figure that enters directly into the 
calculation of the power signal to noise ratioSi which is 
found from the data of Fig. 5 to be 44.5 dB for a band- 
width of 200 MHz and a signal field of 0.05 T at a bias 
of 0.2 T. [Note: It is common but incorrect practice in 
some parts of the layered metals community to use MR 
as the figure of merit but the proper measure should be 
the power signal to noise ratio at the operating band- 
width. The latter contains the MR but depends on other 
factors as well.] 

VI. EXTENSION OF MAPPING TO OTHER 
EXX PHEMOMENA 

As noted in the introduction, EMR is but the first 
example of a general class of phenomena collectively re- 
ferred to as EXX phenomena. To elucidate this point 
consider Fig. 6 which shows a three dimensional view 
of the hybrid structure depicted in Fig. 2(e). The 4- 
probe effective resistance of this composite structure is 



-^e// = y2z/Iu, where / and V represent current and 
voltage probes, respectively. Now Reff will depend on 
the relative conductivities of the metal and semiconduc- 
tor {tyY>'^cdl\y a jnetai/ o- semiconductor > 1000), On the inter- 
face resistance between them and on the specific place- 
ment of the current and voltage probes (e.g. on the ge- 
ometry). In a non-perturbed state, the highly conduct- 
ing metal acts as an effective current shunt, provided 
that the interface resistance is low, and Ref / of the com- 
posite structure can be close to that of the metal. If a 
relatively small external perturbation such as an applied 
magnetic field, electric field, strain, temperature change 
etc. significantly alters the interface resistance and, thus, 
the current fiow across the interface, this alteration can 
manifest itself as a large change in the effective resis- 
tance or, equivalently, in the output voltage (signal) of 
the "sensor" for that particular external perturbation. 

We have illustrated this point with the EMR example 
where we understand the detailed physics of the mech- 
anism by which the applied field perturbs the interface 
resistance. However, from an empirical viewpoint, other 
perturbations such as a strain field, photon field, etc. 
which perturb the interface resistance will yield a sig- 
nal (voltage response) that is geometrically amplified by 
the hybrid structure. Thus the fabrication advantage for 
preparing an EMR nanostructure with desirable proper- 
ties, is also applicable to other EXX phenomena when 
mapped to nanostructures of the type shown in Fig. 6. 



VII. CONCLUSIONS 

We have shown that bilinear conformal mapping can 
be used to transform 4-lead internally shunted EMR 
semiconductor-metal hybrid structures to galvanomag- 
netically equivalent externally shunted 4 lead struc- 
tures. The latter are compatible with the fabrica- 
tion of nanoscale EMR devices while the former are 
not. Mapped rectangular EMR van der Pauw plate ex- 
hibit very large EMR values in both macroscopic and 
nanoscopic form. We have also shown that the mapping 
procedure applied in the case of EMR will also be appli- 
cable to other generalized EXX structures. 
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